A colour change of doped YAB crystals and microcrystalline powders takes place upon illumination with different white light sources.
Introduction
Yttrium aluminium borate (YAB) is a well-known host for metal ions [1] . Rare-earth and transition metal doped materials can be used as lasers because of their outstanding optical properties and have been investigated before, e.g. Ho:YAB [2] , Nd:YAB [3] [4] [5] [6] [7] [8] [9] [10] , Cr:YAB [11] [12] [13] [14] [15] , YAB with other dopants [16] [17] [18] [19] [20] [21] [22] and very recently also co-doped Gadolinium aluminium borate (GAB), a material with similar properties that is isostructural to YAB [23, 24] . However, there are no reports in the literature on the co-doped materials Ho,Nd:YAB, Ho,Cr:YAB, Nd,Cr:YAB and Ho,Nd,Cr:YAB presented here. In YAB, The Y 3+ ions are located in trigonal prismatic sites with D 3 symmetry, the metal ion is co-ordinated to three oxygen atoms from the borate top and bottom layers, where the two triangles are slightly rotated against each other. The Al 3+ sites show almost perfect octahedral symmetry. Upon doping, the rare earth ions replace yttrium ions whereas transition metal ions such as Cr 3+ are substituted for Al 3+ [14] . For most of the optical applications of the YAB system the luminescence properties of the doped materials are of importance. In the context of the present work it is their absorbance, which gives rise to the effects described. Holmuim and Neodymium sesquioxides already show slight colour differences between daylight and fluorescent tube illumination. This perceptual colour difference is enhanced drastically when these elements are used as dopants in the YAB host. Furthermore, their combination in the same host increases the variety of colours -an effect which cannot be achieved by simply mixing the oxide powders.
Chromium shows strong absorptions in the visible range. In combination with Ho 3+ and Nd 3+ , Cr 3+ enhances the crystals' hue. Ho:YAB, for instance, is yellowish brown in daylight and pink when illuminated with a type 840 fluorescent tube. If Cr 3+ is added, the crystal will still look pink in the latter case but will be dark green in daylight.
In this paper, we report the preparation, spectroscopic and colour rendering properties of the new substances Ho,Nd:YAB; Ho,Cr:YAB, Nd,Cr:YAB and Ho,Cr:YAB as well as their colour and chromaticity co-ordinates under illumination with seven different types of white light sources. As a result, a colour chart is presented Colour change of co-doped yttrium aluminium borate crystals under illumination with different white light sources which links the crystal colour to the respective white light source. Microcrystalline powders of these substances could be used as coating materials in order to produce a special colour changing effect. Furthermore, the colour table presented enables the observer to discriminate between the different light sources by inspecting the crystal colour they produce. Polylux XL F58W/840; one type 960 fluorescent tube: Narvatronic True Light; a white LED (whose light is composed of a blue emission from the LED and a yellow fluorescence from the coating); a tungsten lamp (CIE A) and three different daylight spectra: CIE B, CIE C and CIE D5500K. The simulated daylight spectra were obtained from the GRAMS32® (Galactic Industries Corporation, version 5.20) colour analysis module. Since fluorescent lamps of the same type have very similar intensity distributions, they produce the same crystal colour. The same is true for the different daylight spectra. Fig. 1 shows the spectral intensity distributions of the different white light sources.
Experimental Procedures
In order to quantify the observed crystal colours, they were calculated from the absorbance spectra of the crystals and the intensity distribution of the respective light sources using the CIELAB L*a*b* colour space (assuming a 100% white reference) chromatic differences were calculated using the CIE1931(xy) chromaticity co-ordinates, 10° standard colorimetric observer [25, 26] .
Results and Discussion
The human eye perceives spectral distributions which stimulate its three colour receptors with similar intensities as "white". Not only broad intensity distributions like daylight are perceived in this way, but also narrow band-emission light sources like fluorescent lamps (see Fig. 1 ) give the impression of whiteness. Because of the selective absorbance of the doped YAB crystals the intensity distribution of light transmitted by a transparent crystal or reflected from a crystalline powder differs substantially from the intensity distribution used for illumination and hence gives rise to different colour stimuli in the human eye. 3+ . An assignment of the narrow f-bands is possible by comparison with the free ion energy level diagrams of Nd 3+ [7] and Ho 3+ [27] which are presented in Fig. 3 .
The free ion 2S+1 L J Russell-Saunders multiplets are split into crystal field components by the electrostatic field of D 3 symmetry leading to an overlap of neighbouring absorptions. In cases where the free ion energy levels are already close in energy, an unambiguous assignment of individual transitions to a specific crystal field split multiplet is no longer possible. In Table 1 The match of the emission of the light source with the sharp line-absorptions of the doped YAB crystals holds the key for the differences in their colour rendering. An example is given in Fig. 4 by comparing the transmittance of Ho,Nd:YAB with the intensity distribution of a type 840 fluorescent lamp. In this case, the fluorescence lines F1 and F2 and the green mercury emission D are partially absorbed whereas the material is almost transparent for the third red line F3 and the blue mercury lines B and C, resulting in a purple crystal colour (see also Fig. 6 -colour a,3) .
With the lamps used, a total of seven different colours for each crystal could be observed. The calculated colours for the four materials under the seven light sources are given in Table 2 . [27] and [7] , respectively.
Colour
Since the brightness of the observed colours varies with their distance from the light source, it is reasonable to confine oneself to their chromaticity differences. Thus, in order to quantify the distinguishability of the different crystal colours, the lengths of their difference vectors using CIE1931(xy) chromaticity co-ordinates [26] were calculated. The results of these calculations are given in Table 3 .
The chromaticity diagrams with the co-ordinates of the four crystal types under illumination with each light source are shown in Fig. 5 .
A Cr:YAB crystal looks green under illumination with all considered white light sources. But if Cr 3+ is added in addition to Ho 3+ or Nd 3+ , it significantly changes the chromaticity and also slightly increases the chromaticity differences as can be seen from [27] and Nd 3+ [7] , as well as symmetry-based nomenclature for Cr 3+ [12] . Colour change of co-doped yttrium aluminium borate crystals under illumination with different white light sources the average chromaticity distance of Ho,Nd:YAB is smallest.
If the colours are used to discriminate the seven light sources mentioned, the advantages and disadvantages of every substance can be seen from Table 4 as well. E.g., Cr,Ho:YAB shows the largest chromaticity change between a fluorescent tube type 32 (1) and daylight D5500 (7), on the other hand, there is almost no chromaticity difference when this substance is illuminated with a fluorescent lamp type 940 (4) and a white LED (5) . In order to discriminate these two, Nd,Ho:YAB is the better material since its chromaticity change is about seven times as high (see Tab. 3). The same principle can be applied when a special colour changing effect between different light sources is desired.
It is difficult to calculate colours from spectra, because there are unavoidable losses during the CIELAB L*a*b* to CMYK conversion (CIELAB L*a*b* to CMYK converted with CorelDraw 12 ®) due to the restrictions of that colour space, and therefore, the colours given in Fig. 6 cannot be exact, but only good approximations of the real crystal colours. 
Conclusions
The colours of Nd,Ho:YAB; Cr,Ho:YAB; Nd,Cr:YAB and Cr,Nd,Ho:YAB under illumination with seven different white light sources have been measured in the CIELAB L*a*b* colour space, their chromaticity differences have been calculated using the CIE1931 xy co-ordinates [25, 26] . The materials presented in this paper do change their colour upon illumination with different white light sources so dramatically that they could be used for light source discrimination; the microcrystalline powders on the other hand could be used as novel coating materials with a colour changing effect that depends on the spectral distribution of the illuminating light source.
